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. In recent years, the incidence of childhood cancer (specifically acute lymphoid leukemia, tumors of the central nervous system, and bone tumors) has been increasing in North America (2) . Although relatively little is known about the etiology of childhood cancer, changes in environmental factors are potential explanations for the increase in incidence (3) (4) (5) .
Investigations of environmental factors and childhood cancers have primarily focused on parental occupational exposures. These studies have suggested increased risks of childhood cancers in children ofworkers, mainly fathers, exposed to electromagnetic fields, paints, solvents, radiation, hydrocarbons, and agricultural chemicals (6, 7) . Agricultural exposures may encompass a variety of chemical and physical agents, but pesticides are usually of greatest interest. As a group, agricultural pesticides indude herbicides, insecticides, fungicides, rodenticides, and other biocides. They may be found in the form of aerosols, liquids, granules, and dusts (8,X2. Aside from occupational pesticides, no-pest strips, shampoos, and pet collars are additional forms of pesticides that may be of concern due to their use in residential settings (9, 10) . Recent studies have estimated that 78-97% of families in the midwestern United States use pesticides in or around the home (9, 11) .
The relationship between pesticide exposures and the risk of childhood cancer has been investigated in a number of epidemiologic studies; however, potential mechanisms by which pesticide exposure may lead to cancer in children remain speculative. Although carcinogenic, most pesticides are believed to be nongenotoxic. Potential genotoxic and nongenotoxic mechanisms for childhood cancer indude preconceptional exposure causing mutation of parental germ cells or epigenetic effects such as alteration of imprinting patterns (12) (13) (14) (15) (16) (17) (18) , or transplacental exposure causing somatic cell mutations in the embryo/fetus or alterations in hormonal or immunologic function (10, (19) (20) (21) (22) (23) . Although laboratory studies have not yet provided insight on how pesticides might act through these pathways, animal studies of other environmental agents, such as metals, alkylating agents, and radiation, have provided direct evidence for some mechanisms leading to some childhood cancers (e.g., germ cell mutation). Other carcinogenic mechanisms for environmental exposures, including pesticides, have not been thoroughly studied (14, (23) (24) (25) (26) . Thus, linking potential mechanisms of perinatal carcinogenesis to specific exposures, including pesticides, remains a serious challenge.
Despite the limited understanding of mechanisms by which pesticides may lead to cancer, a number of associations between pesticides and childhood cancers have been reported in epidemiologic studies. The purpose of this paper is to review the methods and results of published studies of occupational and residential pesticide use and the risk ofchildhood cancers.
Methods and Overview
This review included published literature that assessed the risk of cancer in children associated with exposure to pesticides through parental occupation or by residential use. We included all studies identified through Medline published in English between 1970 and 1996. For each study, Table 1 lists the study design; time period studied with regard to pregnancy-, source of cases, controls, and exposure information;
and factors adjusted for in either the studys design or analysis. We used relative risk estimates when presented; otherwise we calculated odds ratios and confidence intervals from the data provided. In this paper, we will refer to relative risk estimates >1.5 as suggestive of a positive association. Risk estimates associated with occupational and residential pesticide exposure prior to conception and during pregnancy and childhood are presented in Tables 2-4 by cancer type. .., .z. .180.0.6.
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effects of pesticides on one specific type of cancer. Because much of the research has focused on childhood brain tumors and leukemia, this review reports these studies separately from those of other cancers.
Cancers of the Brain and Central Nervous System
Both of the interview studies that evaluated paternal occupational exposure to pesticides prior to conception reported increased risks of childhood brain cancer; odds ratios (ORs) = 1.8 (27) and 2.7 (28) ( Table 2) . Paternal occupational exposure during pregnancy was also positively associated with childhood brain cancer risk in most studies; this was not seen for exposure during childhood (27) (28) (29) (30) (31) . The results in all these occupational studies were imprecise, often dependent on a few exposed cases, and pesticide exposure was inferred by employment in agriculture and not explicitly measured. In fact, two of the five studies classified exposure based on birth certificate information (29, 31) (32) (33) (34) 36, 37) . Both studies that evaluated exposure to no-pest strips during pregnancy or childhood reported an increased risk of brain cancer (34, 36) . Davis et al. (36) also reported strong relative risks associated with the use of pesticide bombs during pregnancy, childhood use of lice shampoos, and childhood contact with pesticides used on pets. This study of 45 cases was the only one to evaluate the association between residential pesticide exposure and brain cancer as the primary hypothesis (36) . The remaining studies collected and utilized less specific information, initially evaluating residential exposure as a confounder or covariate for other primary hypotheses (32, 33, (35) (36) (37) . In general, studies reporting positive effects of residential pesticide exposure were those with greater detail on the timing, frequency, and form of pesticide use (33, 34, 36) .
Farm residence during pregnancy or childhood was also shown to increase risk for childhood brain cancer including primitive neuroectodermal and nonastrocytic neuroepithelial tumors, but not astrocytic gliomas (33, 37, 38) . Farm residence may serve as a proxy measure for both occupational and residential pesticide exposures, but it does not indicate direct exposure to an individual. The study of farm residence by Kristensen et al. (38) used information on the type of crop, the amount of pesticides purchased, and the use of pesticide equipment, as recorded on 5-year agricultural census reports to classify the farm's possible pesticide exposure levels. Because the exposure information was collected for 5-year periods, this study could not isolate the time of exposure with respect to pregnancy and childhood; yet, it suggested that the risk of childhood brain cancer increased relative to the increase in the level of pesticides purchased (ORs = 2.0, 2.9, and 3.3) (38) . Opportunities for exposure misclassification were high in these studies, but were probably nondifferential with respect to case status (33, 37, 38) .
Leukemia
Although some studies classified leukemia as either acute nonlymphocytic leukemia (ANLL) (39) or acute lymphocytic leukemia (ALL) (40) (41) (42) (43) , most studies did not separately analyze these two forms of the disease. However, results from studies that made this distinction did not indicate differences in the risk of different types of leukemia associated with pesticide exposure. Because ALL is the most common form of childhood leukemia (5) , studies that group all types of leukemias generally reflect ALL.
Five of the nine studies that evaluated occupational exposures and the risk of childhood leukemia suggested a positive association (Table 3) . When studies specifically considered the use of pesticides by either parent during pregnancy rather than general employment in agriculture, the magnitude of the association with the child's risk of leukemia greatly increased (39-41) except in the Dutch study of ALL, which did not report positive results from a mailed questionnaire (42) . For both parents, Buckley et al. (39) found an increased risk of ANLL with pesticide exposure prior to conception, as well as with prolonged pesticide exposure spanning the period 1 year before birth to diagnosis. No excess risk was found when either parent had been exposed to pesticides for less than 1,000 days; however, seven case mothers had more than 1,000 days of cumulative exposure to pesticides prior to delivery, compared to none of the control mothers (p = 0.008). Paternal exposure to pesticides for more than 1,000 days nearly tripled the risk of childhood ANLL (39) . With one exception (42) , studies of occupational exposure after the child's birth also suggested an increased risk of childhood leukemia (30, 39, 44, 45) .
Five studies evaluated residential exposure to pesticides. In general, no increased relative risks were associated with farm residence (38) , garden pesticide use (34, 43) , or home extermination (34) . However, taking into account the frequency of exposure, Lowengart et al. (46) (391 reported a dose-response gradient with the frequency of home pesticide exposure during childhood (ORs = 1.8, 2.0, and 3.5), although these results were imprecise. Leiss and Savitz (34) reported a strong association between leukemia and the use of no-pest strips in the home during either pregnancy or childhood. The two studies of leukemia that considered cumulative exposure to either occupational or household pesticides showed stronger positive associations than those classifying exposure as ever versus never (39, 46) . In general, results from leukemia studies suggest that no-pest strips and frequent use of pesticides in the home may be strongly associated with childhood leukemia (34, 39, 46) , but ever using either professional exterminations or garden pesticides did not greatly impact risk (34, 43) .
Other Childhood Cancers
Among other childhood cancers (Table 4) , parental occupational pesticide exposure during pregnancy was associated with an elevated risk for germ cell tumors (47) and Ewing's sarcoma (48) ; however, these studies were small. In a recent study of Wilms' tumor, Sharpe et al. (49) also reported increased risks associated with occupational pesticides, as determined through parental interview. This study also reported that the magnitude of risk for Wilms' tumor increased slightly with increased frequency of pesticide exposure during pregnancy and varied by the child's sex and age at diagnosis; male children and children who were diagnosed when they were over 2 years of age were more likely to have had either a mother or father who was occupationally exposed (49) . This study contrasted the negative results of an earlier Wilms' tumor study that had used birth certificates to crudely determine the father's occupational pesticide exposure (50) . Another birth certificate study reported no increased risk for neuroblastoma associated with employment in agriculture during pregnancy (51) . A later study of neuroblastoma that used information from parental interviews supported these negative results for exposure during pregnancy, but reported increased risk for paternal employment in agriculture prior to conception, although results were imprecise (52) . Studies that evaluated childhood cancers of all types collectively reported no increased risk with occupational pesticide exposure. These studies were limited to determining exposure status from birth certificates (31, 53) , death certificates (54) , and employment registries (55) . Collectively studying different cancers would not have allowed researchers to distinguish whether certain cancers had a different association with occupational pesticide exposure than others.
In a study of farm residence, Kristensen et al. (38) reported elevated rate ratios for Wilms' tumor, neuroblastoma, retinoblastoma, and non-Hodgkin's lymphoma in Norway; however, as previously noted, this study was unable to address the timing of exposure with regard to pregnancy or whether parents were individually exposed.
Leiss and Savitz (34) reported no association between garden pesticide use during pregnancy and either lymphoma or soft tissue sarcoma, but soft tissue sarcoma risk was increased fourfold with garden pesticide use during childhood. Schwartzbaum et al. (43) also evaluated garden pesticides. This study compared the exposures of children with various types of cancer to those of children with rhabdomyosarcoma and found only the risk of osteosarcoma to be elevated with garden pesticide use. However, the use of ill children as a comparison group may be problematic (see Discussion). Finally, studies evaluating home extermination reported no increased risk for sarcomas (34, 48) , but they did report increased risk of Wilms' tumor (56) and lymphoma (34) associated with childhood exposure. Exposure during pregnancy was not associated with elevated risk of these tumors (34, 48) . It is likely that the small size of these studies of rare tumors may have contributed to their imprecise results.
Discussion
Collectively, these studies suggest an increase in risk of brain cancer, leukemia, Wilms' tumor, Ewing's sarcoma, and germ cell tumors associated with paternal occupational exposure to pesticides prior to and during pregnancy. Maternal occupational exposure during pregnancy was studied less frequently, but was also associated with leukemia, Wilms' tumor, and germ cell tumors. Most of these cancers were only evaluated in one or two studies, and the number of exposed cases was often small. Childhood brain cancer and leukemia were the most studied, with fairly consistent, moderate increases in risk (27) (28) (29) (30) (31) (39) (40) (41) (42) (44) (45) (46) . Farm residence was associated with brain cancers, neuroblastoma, retinoblastoma, non-Hodgkin's lymphoma, and Wilms' tumor to varying degrees. However, inference of individuallevel exposure from the aggregate pesticide exposure for all farm residents limits conclusions about risk from these studies (33, 37, 38) . Few studies have evaluated nopest strips or pesticides used on pets (34, 36) ; however, those studies, as well as studies of pesticide use in the home, have reported fairly consistent associations for exposure during childhood and the risk of brain cancer and leukemia, despite their small size (32) (33) (34) 36, 39, 46) . It remains unclear whether a specific time window of exposure may be of greater importance in studying the effects of home pesticide use. In general, professional extermination and use of garden pesticides were less likely to show positive effects than the use of other home pesticides for most childhood cancers (32-37,43,46,48) ; however, the risk of Wilms' tumor (56) and lymphoma (34) was elevated with professional extermination use during childhood and brain cancer was elevated with termite extermination during pregnancy (36) .
Few studies distinguished between herbicides, insecticides, fungicides, or other types of pesticides, which are not always mutually exclusive categories (36, 41) . It is possible that differences in the chemical properties of various pesticides, the methods of application, and consequently the exposure pathways (dermal, ingestion, or inhalation) may be partially responsible for the reported differences in risk of childhood cancer associated with pesticide exposure. The magnitude of the relative risks reported in these studies also appears to vary by the timing and frequency of exposure, as well as by the heterogeneity of study groups and other aspects of study design. Drawing conclusions from these studies requires careful consideration of possible methodological limitations. Exposure misclassification, insufficient sample size, biases in control selection, and uncontrolled confounding are among the primary limitations of case-control studies of pesticides and childhood cancers.
The measure of exposure in all these studies was indirect, based on parents' selfreport of job titles, industry, and residential pesticide use. Information collected about home and occupational pesticide exposure has often been limited to a few general questions in an interview or questionnaire, which was rarely designed to collect detailed information about pesticide exposure. Several studies collected exposure information from birth or death certificates, which may not accurately represent the actual job, exposure, or time period of interest (29, 31, 50, 51, 53, 54) . Thus, most studies dichotomized exposure into ever versus never exposed, without regard to the frequency or duration of exposure or the specific type of pesticide (27) (28) (29) (30) (31) (34) (35) (36) (37) (40) (41) (42) (43) (44) (45) 47, 48, (50) (51) (52) (53) (54) (55) 51 -. The studies showing a positive relationship between pesticides and childhood cancers tended to be those that had a priori interest in pesticides and ascertained exposure in more detail with respect to timing, intensity, or pesticide type (33, 34, 36, 38, 39, 46, 49, 56) . By employing industrial hygienists to aid in (61) .
There was also variability in case and control participation rates and study size. The participation rates in these studies ranged from 52 (6) (7) (8) (9) .
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